The uptake and expression of extracellular DNA has been established as a mechanism for horizontal transfer of genes between bacterial species. Such transfer can support acquisition of advantageous elements, including determinants that affect the interactions between infectious organisms and their hosts. Here we show that erythrocyte-stage Plasmodium falciparum malaria parasites spontaneously take up DNA from the host cell cytoplasm into their nuclei. We have exploited this finding to produce levels of reporter expression in P.falciparum that are substantially improved over those obtained by electroporation protocols currently used to transfect malaria parasites. Parasites were transformed to a drug-resistant state when placed into cell culture with erythrocytes containing a plasmid encoding the human dihydrofolate reductase sequence. The findings reported here suggest that the malaria genome may be continually exposed to exogenous DNA from residual nuclear material in host erythrocytes.
INTRODUCTION
The uptake and incorporation of extracellular DNA by bacteria were demonstrated in the classical studies of Avery et al. (1) , who showed that non-virulent Streptococcus pneumoniae can be transformed through the incorporation of DNA from a heatkilled virulent bacterial strain. This phenomenon of 'natural transformation' has been considered a characteristic of many prokaryotic organisms (2, 3) and the molecular mechanisms by which bacteria take up and express exogenous DNA have been studied extensively (4) . Eukaryotic cells have also been observed to spontaneously take up and express exogenous DNA by mechanisms involving endocytosis (5, 6) ; however, their genetic modification in the laboratory has invariably required manipulation of the cells using a variety of experimental methods before efficient rates of transfection and transformation can be achieved. These methods include introduction of DNA across the cell membrane by the use of diethylaminoethyl-dextran (7), calcium phosphate (8) , electroporation (9) , liposome-fusion (10), microinjection (11) , cation-liposomes (12) and polyamidoamine dendrimers (13) . Once introduced into the cytoplasm, the transfected DNA localizes into small endosome-like vesicles and then enters the nucleus, from which it is expressed (14) (15) (16) (17) .
Erythrocyte-stage Plasmodium falciparum malaria parasites have been transfected by electroporation (18) and polyamidoamine dendrimers (19) . During the erythrocyte stage, the parasite is surrounded by a parasitophorous vacuolar membrane while it grows and develops within the host cell. Transfection of these parasites requires that exogenous DNA cross three membranes to enter the cytoplasm of the parasite: the erythrocyte plasma membrane, the parasitophorous vacuolar membrane and the parasite plasma membrane. Whether the experimental process of transfection actually enables the DNA to move across these multiple membrane layers or instead provides the DNA with access to a molecular trafficking pathway within the infected cell has not been determined.
Here we show that P.falciparum parasites can spontaneously take up DNA from the cytoplasm of host erythrocytes. This allows transfection and production of reporter signals at substantially higher levels than direct methods of electroporation and has enabled transformation with a human gene sequence that confers drug resistance. The natural ability of malaria parasites to take up and express extracellular DNA offers avenues of investigation into parasite trafficking of molecules and has implications for possible horizontal transfer of host DNA into the genomes of malaria parasites.
MATERIALS AND METHODS

Plasmid constructs and DNA preparation
The plasmids pHLH-1 and pHD22Y were propagated in XL10-Gold competent cells (Stratagene) and prepared using Qiagen maxi prep columns. pHLH-1 includes a luciferase open reading frame sequence (luc) driven by the P.falciparum hrp3 promoter (18); pHD22Y uses this same plasmid construction to express the human dihydrofolate reductase sequence (dhfr) instead of luc (20) . Linearized pHLH-1 was obtained by restriction digestion with BamHI and SmaI followed by dialysis using Centricon 100 centrifugal filter units (Millipore) and verification by gel electrophoresis.
Parasite cultivation and luciferase assays
Plasmodium falciparum clones 3D7 and Dd2 were cultivated according to standard procedures (21, 22) at 5% hematocrit in RPMI 1640 supplemented with 0.5% Albumax I (Life Technologies), 0.25% sodium bicarbonate and 0.01 mg/ml gentamicin. Luciferase expression assays were performed as described previously (20) . Parasites transformed with pHD22Y were selected in media containing 5 nM WR99210 (20) . Resistant parasites appeared in culture between 16 and 21 days after application of the drug.
Parasite transfection by direct electroporation
Transfection was performed as described previously (20) . Briefly, cultures of ring-stage parasites at 5% parasitemia and 5% hematocrit were used. Cells from 0.5 ml of culture were washed once with 5 ml of incomplete cytomix (18) , then combined with 50 µg of plasmid DNA to a total volume of 400 µl. The cells were transferred to a 0.2-cm cuvette and electroporated using a Bio-Rad Gene Pulser and conditions of 0.31 kV and 960 µF. Electroporated cells were washed once with complete media, then placed in a 5-ml culture at 5% hematocrit under standard conditions.
Parasite transfection by invasion of DNA-loaded erythrocytes
Stocks of erythrocytes were cleared of leukocytes by passage through a Sepacell R-500 column (Baxter Health Care). Erythrocytes were then washed three times with RPMI 1640 (Life Technologies), resuspended to 50% hematocrit and stored at 4°C. For plasmid DNA loading, 300 µl of processed erythrocytes were washed once with 5 ml of incomplete cytomix (18) , then combined with 10-50 µg of either circular or linearized plasmid DNA to a total volume of 400 µl. The cells were transferred to a 0.2-cm cuvette, chilled on ice and electroporated using a Bio-Rad Gene Pulser and conditions of 0.31 kV and 960 µF. DNA-loaded erythrocytes were then washed with culture media and used immediately or stored in media at 4°C up to 48 h before use. Transfection was achieved by inoculating 4.5 ml of culture media containing DNA-loaded erythrocytes at 5% hematocrit with 0.5 ml of a standard parasite culture.
DNA extraction, plasmid rescue and Southern blot analysis
Genomic DNA was extracted from parasites (23) and Southern blotting and plasmid rescue experiments were performed as described previously (20) . To ensure replication of plasmid DNA by parasites and that plasmid DNA detected on Southern blots was from parasites and not from DNA-loaded erythrocytes, transformed parasites were cultivated for 90 days under drug pressure in erythrocytes not loaded with plasmid prior to DNA extraction.
RESULTS
Uptake and expression of plasmid DNA by P.falciparum intraerythrocytic-stage parasites
The work in this report originated from a control experiment in which P.falciparum parasites were tested for luciferase activity after being allowed to invade human erythrocytes previously loaded with the plasmid pHLH-1. Levels of luciferase activity were detected that were proportional to the amount of DNA (5-100 µg) loaded into the erythrocytes. Expression was eliminated by treatment of parasites with 10 µg/ml cycloheximide (data not shown). Luciferase production from parasites that had been allowed to invade cells loaded with pHLH-1 was compared with that from parasitized erythrocytes directly electroporated in the presence of pHLH-1 DNA. Using equivalent amounts of DNA and initial numbers of parasites, we observed that parasite invasion of DNA-loaded cells consistently gave significantly higher expression levels than direct electroporation of parasitized erythrocytes (Fig. 1) .
Microscopic observation showed that direct electroporation of parasitized erythrocytes caused a 50-70% reduction in viable forms, whereas the use of cells loaded with pHLH-1 produced no detectable effect on parasite viability. When luciferase measurements were normalized to account for changes in parasitemia levels, both methods of transfection were found to yield similar average levels of expression per parasite. Parasites showed no luciferase expression in control infections of erythrocytes not loaded with plasmid DNA. Inclusion of the plasmid DNA in the culture medium rather than in loaded erythrocytes and DNA-loaded erythrocytes not infected with parasites also yielded no reporter activity.
Uptake and expression of linear DNA
To compare the efficiency of expression from supercoiled versus linear forms of DNA, we placed P.falciparum parasites in culture with erythrocytes that had been previously loaded with equivalent amounts of circular pHLH-1 or its linearized form as a BamHI/SmaI-restricted fragment. One day after initiation of the experiment, parasites expressing luc from linear DNA yielded a luciferase signal ∼50% of that from parasites expressing luc from supercoiled DNA (Fig. 2) . The signal from parasites that had taken up linear DNA increased slightly on the second and third days and subsequently decreased to near zero on the fourth day. In contrast, the signal from parasites expressing luc from circular DNA rose markedly through the first 4 days and persisted for more than a week.
Maintenance of luciferase expression in culture by continuous supplementation with DNA-loaded erythrocytes
Expansion of culture volume and corresponding depletion of DNA-loaded erythrocytes from transfected cultures correlated with a decline in luc expression. We therefore performed experiments in which cultures were continuously maintained with erythrocytes loaded with pHLH-1. After four generations (8 days) of parasite multiplication, samples from these cultures showed levels of luc expression up to 10-fold higher than the maximum achieved from cultures with a single addition of DNA-loaded erythrocytes (Fig. 2) and up to 20-fold higher than that achieved by electroporating infected erythrocytes. This high level of reporter expression could be maintained indefinitely and was stable as long as the culture was supplemented with erythrocytes loaded with pHLH-1.
Acquisition of drug resistance by uptake of a human dhfr-expressing plasmid
Parasite uptake and transient expression of DNA from host erythrocytes suggested that this phenomenon could serve in experimental transformation to produce stable changes in phenotype. This possibility was investigated by cultivating parasites in erythrocytes loaded with pHD22Y plasmid DNA, which carries the human dhfr sequence and can confer resistance to such drugs as methotrexate and the antimalarial drugs pyrimethamine and WR99210 (20) . Application of 5 nM WR99210 drug pressure to these cultures readily selected parasites fully resistant to the drug. Southern blots of DNA extracted from transformed parasites and plasmid rescue experiments (18, 20) demonstrated that the population of transformed parasites carried episomes (Fig. 3) . To ensure that drug resistance resulted from transfection with the plasmid and not from a mutation elsewhere in the genome, parasite cultures were grown for 90 days without drug. This resulted in loss of the plasmid and a corresponding reversion to WR99210 sensitivity (Fig. 3) .
DISCUSSION
Successful transfection of erythrocyte-stage parasites requires that three membranes be crossed by the plasmid DNA prior to its trafficking into the parasite nucleus. Two protocols for transfection have previously been reported: direct electroporation of infected cells (18) and use of polyamidoamine dendrimers (19) . How these procedures successfully deliver plasmid DNA through these multiple membrane layers has been unclear. Our observations that parasites spontaneously import DNA across the parasitophorous vacuolar membrane from the erythrocyte cytoplasm and then transport it into the parasite nucleus may explain the reported success of these different methods. Both procedures may simply introduce DNA into the erythrocyte cytoplasm from which it is taken up by the malaria parasite.
Transfection of parasites by exposure to DNA-loaded erythrocytes has several advantages over previously described protocols. First, because the transfected parasites are not exposed to the trauma of electroporation, their viability is greatly improved, leading to higher levels of reporter gene expression and more rapid selection of stably transformed parasites. Second, transgene expression levels can be increased up to 20-fold by continuous supplementation of cultures with DNAloaded erythrocytes. Third, growth of parasites in the presence of DNA-loaded erythrocytes allows the continuous expression of transgenes without the need for selectable markers. This is particularly valuable considering that the instability of P.falciparum DNA in Escherichia coli has greatly hindered the ability to make large constructs containing both transgene expression cassettes and selectable markers. Because of these advantages, we now routinely employ this approach to transfection over previous protocols from our laboratory (18, 20) . Improvements in the DNA loading of erythrocytes or its stabilization during uptake and transport may allow further increases in the efficiency of P.falciparum transformation.
The uptake and expression of plasmid DNA described here may provide insights into the import and trafficking of host EcoRI; 2, genomic DNA extracted from untransformed parasites sensitive to the antimalarial drug WR99210; 3, genomic DNA extracted from drug resistant parasites transformed by uptake of pHD22Y from DNA-loaded erythrocytes (transformed parasites were cultivated under drug pressure for 90 days in unloaded erythrocytes prior to DNA extraction); 4, genomic DNA extracted from transformed parasites cultivated for 90 days without drug pressure, demonstrating loss of the plasmid. Parasites that had lost the plasmid were once again sensitive to WR99210; 5, linearized plasmid DNA rescued from WR99210-resistant parasites.
molecules by malaria parasites. Plasmodium falciparum parasites carry out extensive endocytosis of hemoglobin and other constituents of the erythrocyte cytoplasm during development from ring stage to schizont. DNA residing in the host erythrocyte cytoplasm thus could be incorporated along with these other molecules and transported into the parasite cytoplasm from where it is targeted to the nucleus. This can be compared to the transport of transfected DNA in mammalian cells, which moves through an endosomal/lysosomal pathway to the nucleus (14) (15) (16) (17) . It is tempting to speculate that the parasite uptake pathway may be related to mechanisms involved in the high rates of ingestion of host cell hemoglobin during the trophozoite and schizont phases of intraerythrocytic growth. Another possibility is that DNA uptake may be related to hijacking of host cell components for essential metabolic functions by the parasite. We note that malaria parasites have been reported to import and utilize host cell δ-aminolevulinate dehydrase and perhaps other enzymes from the heme biosynthesis pathway (24) .
The spontaneous uptake and expression of exogenous DNA by malaria parasites in culture suggests that parasites have the ability to actively take up DNA during a natural infection. Malaria parasites may often be exposed to human DNA even though erythrocytes typically extrude their nuclei early in development. Erythrocytes carrying residual nuclear material (Howell-Jolly bodies) occur in the circulation of normal individuals and are prominent in individuals with thalassemia disorders or sickle cell anemia (25) . The prevalence of these conditions in regions with high levels of malaria transmission (26, 27) might provide opportunity for host DNA uptake. Although initial data from genome sequencing has identified several sequences that are unusual for unicellular organisms, leading to the suggestion that they may have been acquired by horizontal transfer sometime during the evolutionary lineage of the parasite's genome (28), it is not clear whether there has been natural incorporation of human DNA into the P.falciparum genome. It remains possible that protective mechanisms may act to shield the parasite genome from insertion of foreign sequences. Analysis of the increasing amounts of data becoming available from chromosome sequencing projects should help to further evaluate these possibilities.
